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Although the mechanisms underlying the spatial
pattern formation of sensory maps have been exten-
sively investigated, those triggering sensorymap for-
mation during development are largely unknown.
Here we show that the birth of pups instructively
and selectively regulates the initiation of barrel for-
mation in the somatosensory cortex by reducing
serotonin concentration. We found that preterm birth
accelerated barrel formation, whereas it did not
affect either barreloid formation or barrel structural
plasticity. We also found that serotonin was selec-
tively reduced soon after birth and that the reduction
of serotonin was triggered by birth. The reduction of
serotonin was necessary and sufficient for the effect
of birth on barrel formation. Interestingly, the regula-
tory mechanisms described here were also found to
regulate eye-specific segregation in the visual sys-
tem, suggesting that they are utilized in various brain
regions. Our results shed light on roles of birth and
serotonin in sensory map formation.
INTRODUCTION
The somatosensory cerebral cortex has been widely used for
investigating the influence of extrinsic environmental and
intrinsic genetic factors on sensory map formation and develop-
mental plasticity, with profound implications for other circuits in
the central nervous system (Erzurumlu and Gaspar, 2012; Erzur-
umlu and Kind, 2001; Fox, 2008; Lo´pez-Bendito and Molna´r,
2003; O’Leary et al., 1994; Rebsam and Gaspar, 2006; Sehara
et al., 2010; Toda et al., 2008; Woolsey, 1990). The primary
somatosensory cortex (S1) of rodents is characterized by its
somatotopic sensory map, which consists of both cell clusters
called barrels and thalamocortical afferent axon (TCA) patches
that fill barrels. Whisker-related patterns, called barreloids, also
exist in the ventrobasal complex (VB) of the dorsal thalamus32 Developmental Cell 27, 32–46, October 14, 2013 ª2013 Elsevier I(Van Der Loos, 1976). The distribution patterns of barrels repli-
cate the spatial arrangement of the whiskers on the snout and
are formed soon after birth (Rice and Van der Loos, 1977).
Recently, a number of pioneering studies have uncovered
molecules mediating the spatial pattern formation of barrels
(Erzurumlu and Kind, 2001; Fox, 2008; Lo´pez-Bendito and
Molna´r, 2003; O’Leary et al., 1994; Rebsam and Gaspar,
2006). It has been demonstrated that serotonin (5-HT) signaling
and glutamate signaling are crucial for barrel formation. When
extracellular 5-HT levels were increased by genetic deletion of
monoamine oxidase A (MAOA) or 5-HT transporters (5-HTT),
whisker-related patterns of barrels failed to form (Cases et al.,
1996; Persico et al., 2001; Salichon et al., 2001). Barrel formation
was also disrupted in several mouse lines with impaired gluta-
mate signaling such as knockout mice for NMDA receptor
NR1/GluRz1 subunit (Iwasato et al., 1997, 2000) and mGluR5
(Hannan et al., 2001).
Despite these recent advances in themolecular understanding
of spatial sensorymap formation, themechanisms regulating the
initiation, especially the developmental timing, of sensory map
formation during development have remained largely unknown.
For example, it seemed possible that the initiation of barrel for-
mation is entirely regulated by intrinsic genetic programs, but it
seemed also possible that it involves extrinsic environmental
stimuli. Here we demonstrate that the birth of pups, which is
the most drastic environmental change in the entire life of mam-
mals, is the trigger to initiate whisker-related pattern formation of
barrels in S1. We also identified 5-HT signaling as a downstream
mediator of the effect of birth. It should be emphasized that
although it had been established that excessive extracellular
5-HT results in disruption of barrel formation (Cases et al.,
1996; Persico et al., 2001), the physiological role of 5-HT
signaling in barrel formation remained to be elucidated. Our find-
ings demonstrate that the physiological role of 5-HT signaling is
the trigger for the initiation of whisker-related pattern formation
downstream of birth in S1. Interestingly, the regulatory mecha-
nisms described here were also found to regulate eye-specific
segregation in the visual system, raising the possibility that
they are utilized in various brain regions. We identified 5-HT1 re-
ceptors as key mediators regulating sensory map formation in
the visual and somatosensory systems of newborn pups. Thus,nc.
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ation of sensory map formation. Given that the life of mammals
begins at fertilization, birth is the most drastic environmental
change in the entire life of mammals. However, little was known
about the roles of birth in neural development. Our results shed
light on roles of birth and 5-HT signaling in the initiation of sen-
sory map formation during development.
RESULTS
The Birth of Pups Regulates the Initiation of Whisker-
Related Pattern Formation of Barrels
Because whisker-related patterns of barrels are formed soon
after the birth of mouse pups, we hypothesized that birth is the
trigger for the initiation of whisker-related pattern formation in
S1. If our hypothesis was correct, the formation of whisker-
related patterns should be accelerated by preterm birth. We
therefore induced preterm birth using the progesterone receptor
antagonist mifepristone in pregnant ICRmice (Figure 1A) (Dudley
et al., 1996). When mifepristone was administered at 16 days
postcoitus (dpc), mouse pups were born significantly earlier (Fig-
ure 1A). (Hereafter, we often use dpc instead of postnatal days to
indicate specific time points, including those after birth, because
postnatal days in preterm pups and those in full-term pups corre-
spond to different developmental time points, as shown in Fig-
ure 1A.) The number of preterm littermates was almost the
same as that of full-term littermates (preterm 10.4 ± 1.5, n = 5;
full-term 10.7 ± 1.0, n = 6; p = 0.75; unpaired Student’s t test),
suggesting that mifepristone-induced preterm birth does not
have apparent adverse effects on the survival rate of pups.
We then examined the formation of whisker-related patterns in
preterm and full-term pups using cytochrome oxidase (CO)
staining. In most of the full-term pups, whisker-related patterns
in the posteromedial barrel subfield (PMBSF) were difficult to
discern at 22.75 dpc and became obvious by 23.75 dpc (Fig-
ure 1B). Interestingly, we found that the formation of whisker-
related patterns was accelerated in preterm pups (Figure 1B).
To quantify this result, we defined a barrel formation index for
CO staining (BFI-CO) (Figure S1A available online). As expected,
the BFI-CO values gradually increased in full-term pups as bar-
rels were formed during development (Figure 1C, gray bars).
Consistent with our observation (Figure 1B), the BFI-CO values
of preterm pups were significantly larger than that of full-term
pups (22.75 dpc, preterm 0.089 ± 0.041, full-term 0.012 ±
0.028, p < 0.001; and 23.75 dpc, preterm 0.16 ± 0.037, full-
term 0.10 ± 0.039, p < 0.01; unpaired Student’s t test) (Figure 1C),
suggesting that the formation of whisker-related patterns is
accelerated by preterm birth.
The BFI-CO evaluates whisker-related patterns in the row C
only (Figure S1A). To quantify the formation of whisker-related
patterns in the entire PMBSF, we defined another quantification
method using multiple thresholds, which we named the barrel
appearance index for CO staining (BAI-CO) (Figure S1B). Quan-
tification involving multiple thresholds gives a more detailed rep-
resentation than that using a single threshold does (Torborg and
Feller, 2004). As expected, the BAI-CO values gradually
increased between 22.75 dpc ( = P4.0) and 24.75 dpc ( = P6.0)
as whisker-related patterns were formed in full-term pups (Fig-
ure S1B, lower panel). Consistent with the results obtainedDevewith BFI-CO, the BAI-CO values were significantly larger in pre-
term pups than in full-term pups at multiple threshold values
(threshold 10%, preterm 0.42 ± 0.084, full-term 0.21 ± 0.12,
p < 0.01; 20%, preterm 0.27 ± 0.11, full-term 0.079 ± 0.092,
p < 0.05; and 30%, preterm 0.13 ± 0.07, full-term 0.043 ±
0.058, p < 0.05; unpaired Student’s t test) (Figure 1D).
In addition to CO staining, we visualized cytoarchitectonic bar-
rels in layer 4 using NeuN immunostaining and found that the
formation of cytoarchitectonic barrels was also accelerated in
preterm pups (Figure 1F). To quantify this observation, we
defined a barrel formation index using NeuN (BFI-NeuN) (Fig-
ure S1C). Consistent with BFI-CO and BAI-CO, the BFI-NeuN
values were significantly larger in preterm pups than in full-term
pups (C row, preterm 0.10 ± 0.021, full-term 0.057 ± 0.022, p <
0.05; and D row, preterm 0.099 ± 0.025, full-term 0.037 ±
0.047, p < 0.05; unpaired Student’s t test) (Figure 1G). Therefore,
our results consistently and clearly indicate that preterm birth
accelerates whisker-related pattern formation of barrels.
Two possible reasons could account for the acceleration of
barrel formation induced by preterm birth: earlier initiation or
increased speed. To distinguish between these possibilities,
we calculated the slopes of regression lines of the BFI-CO values
(preterm pups, slope = 0.068, R2 = 0.72, n = 29; full-term pups,
slope = 0.079, R2 = 0.71, n = 32) (Figures 1C and 1E). Two-way
ANOVA showed that the treatment-by-age interaction was not
significant (F0 = 0.39, F(2, 55; 0.05) = 3.16, F0 < F(2, 36; 0.05); p >
0.6), suggesting that the slopes of the regression lines were
not significantly different between preterm and full-term pups
(Figure 1E). Furthermore, when we replotted the BFI-CO values
of Figure 1C against postnatal days instead of dpc, there were
no significant differences between preterm and full-term pups
at any postnatal days (Figure S1D). These results clearly indicate
that the birth of pups regulates the initiation of barrel formation
rather than the speed of barrel formation.
It seemed possible that, instead of being caused by preterm
birth, the acceleration of barrel formation had actually resulted
from unanticipated effects of mifepristone. However, we believe
this possibility is unlikely because of the following two reasons.
First, in pups born from mifepristone-treated pregnant mice at
full term, barrel formation was not accelerated (Figures S1E
and S1F). Second, we found that preterm birth by ovariectomy
also accelerated barrel formation (Figures 1H–1J). Our findings
that preterm birth induced by two distinct methods consistently
resulted in the acceleration of barrel formation support our idea
that birth actively regulates the initiation of whisker-related
pattern formation of barrels.
It seemed also possible that the acceleration of barrel forma-
tion was an outcome of an indirect effect of accelerated overall
development caused by preterm birth. However, this seemed
unlikely because of the following reasons. First, we found no sig-
nificant differences in the body weight between preterm and full-
term pups (Figure 1K), although it was reported that body weight
influences barrel formation (Hoerder-Suabedissen et al., 2008;
Vongdokmai, 1980). Second, we did not find any significant dif-
ferences in thickness of S1 between preterm and full-term pups
(Figure 1L). Third, cortical structures revealed by Brn2 and Ctip2
immunostaining were indistinguishable (Figure S1G). These re-
sults indicate that preterm birth does not have apparent effects
on the overall development of pups.lopmental Cell 27, 32–46, October 14, 2013 ª2013 Elsevier Inc. 33
Figure 1. The Birth of Pups Regulates the Initiation of Whisker-Related Pattern Formation of Barrels
(A) The experimental procedure to induce preterm birth using mifepristone (Mife).
(B) Flattened cerebral cortices prepared at the indicated time points were cut tangentially and were subjected to CO staining. Arrows indicate whisker-related
patterns.
(C) Quantification of whisker-related patterns in (B) using BFI-CO (Student’s t test, mean ± SD).
(D) Quantification of whisker-related patterns at 22.75 dpc using BAI-CO (Student’s t test, mean ± SD).
(E) The slopes of regression lines using the BFI-CO values in (C).
(F) Cytoarchitectonic barrels revealed by NeuN immunostaining.
(legend continued on next page)
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Thalamocortical Axons
We next examined whether whisker-related pattern formation of
thalamocortical axons (TCAs) is also regulated by birth. VGLUT2
immunostaining showed that the formation of TCA patches was
accelerated by preterm birth (Figures 2A and S2A). To quantify
this finding, we defined BFI-VGLUT2 (Figure S2B). As expected,
the BFI-VGLUT2 values gradually increased during development
as TCA patches were formed (Figure 2B, gray bars). Consistent
with our finding (Figure 2A), the BFI-VGLUT2 values were signif-
icantly larger in preterm pups than in full-term pups (22.75 dpc,
preterm 0.21 ± 0.05, full-term 0.10 ± 0.05, p < 0.001; 23.75
dpc, preterm 0.42 ± 0.06, full-term 0.21 ± 0.07, p < 0.0001; un-
paired Student’s t test) (Figure 2B). These results indicate that
whisker-related pattern formation of TCAs is also regulated by
birth.
We then examined barreloid formation in the VB of the thal-
amus. In contrast to barrel formation in S1, barreloid formation
was not accelerated by preterm birth (Figure 2C). We quantified
barreloid formation (BdFI-CO) using a protocol similar to BFI-CO
and found no significant differences between preterm and full-
term pups at all ages examined (20.75 dpc, preterm 0.07 ±
0.05, full-term 0.07 ± 0.10, p = 0.98; 21.75 dpc, preterm 0.25 ±
0.03, full-term 0.21 ± 0.03, p = 0.21; unpaired Student’s t test)
(Figure 2D). These results indicate that barreloid formation in
the thalamus is independent of regulation by birth. Our findings
suggest that birth regulates the initiation of barrel formation at
the level of TCAs.
The Effect of Birth on the Critical Period for Barrel
Structural Plasticity
During the first postnatal week, the critical period for whisker
follicle cauterization-induced barrel structural plasticity (here-
after referred to as barrel structural plasticity) terminates (Wool-
sey, 1990). Therefore, we addressed whether the termination of
the critical period for barrel structural plasticity is affected by
preterm birth (Figure 2E). We found that the critical period in
preterm pups was over by 23.5 dpc, as in the case of full-
term pups (Figure 2F). No significant differences in the D/C,
D/PMBSF, and C/PMBSF ratios, which are commonly used
plasticity indices (Datwani et al., 2002; Schlaggar et al., 1993;
Toda et al., 2008), were observed between preterm and full-
term pups at all ages examined (Figures 2G, S2C, and S2D).
These results indicate that the termination of the critical
period for barrel structural plasticity is independent of the
time of birth.
In addition, the expression ofNR2A (Grin2a,GluN2A, andGluR
epsilon 1), which increases soon after birth (Watanabe et al.,
1992), was not affected by preterm birth in S1 (Figure S2E).
The expression levels of the NMDA receptor subunit NR1
(Grin1, GluN1, and GluR zeta 1) and mGluR5 in S1 were stable(G) Quantification of cytoarchitectonic barrels in (F) using BFI-NeuN at 23.75 dpc
(H) The experimental procedure to induce preterm birth by ovariectomy (OE).
(I) Whisker-related patterns in OE-induced preterm pups.
(J) Quantification of whisker-related patterns in (I) using BFI-CO (Welch’s t test, m
(K) Body weights of preterm and full-term pups (p > 0.27, Student’s t test, mean
(L) The thickness of the gray matter of S1 (p > 0.35, Student’s t test, mean ± SD
The numbers of animals are indicated in parentheses. ***p < 0.001, **p < 0.01, *p
Deveduring this period (Figure S2F). Accordingly, we conclude that
birth selectively regulates the initiation of barrel formation.
Involvement of Birth-Related Processes in the Initiation
of Barrel Formation
Birth is accompanied by several changes in pups and mothers,
and one of these changes could trigger the initiation of barrel
formation. Because tactile input presumably increases after
birth, it seemed possible that increased tactile input after birth
resulted in the initiation of barrel formation. To test this, we
continuously removed all whiskers corresponding to the
PMBSF until sampling (Figure 3A). CO staining showed that
barrel formation was indistinguishable between whisker-
plucked pups and sham-treated pups (23.75 dpc, whisker-
pluck 0.10 ± 0.01, sham 0.11 ± 0.03, p = 0.25; unpaired
Student’s t test) (Figures 3B and 3C). This result may indicate
that neonatal tactile experience is irrelevant to the initiation of
barrel formation.
Another possibility could be that the release of pups from their
mothers is the trigger to initiate barrel formation even in the
absence of the normal processes of parturition. To test this, we
conducted Caesarean section (C-section) at E18.5 before the
beginning of parturition (Figure 3D) and found that barrel forma-
tion was not affected by C-section (23.75 dpc, normal delivery
0.10 ± 0.04, C-section 0.08 ± 0.04, p = 0.32; unpaired Student’s
t test) (Figures 3E and 3F). Although this result supported the idea
that barrel formation is triggered by the release of pups from their
mother, C-section cannot prevent hormonal changes in the
mother’s body leading to parturition, and therefore it remained
possible that these maternal hormonal changes are the trigger
to initiate barrel formation. To test this, we utilized prostaglandin
F2a receptor knockout (FP-KO)mice.Wepreviously showed that
the maternal hormonal changes leading to parturition were pro-
hibited in FP-KO pregnant mice, and that FP-KO pregnant mice
were unable to deliver fetuses at term (Sugimoto et al., 1997).
Therefore, by combining of FP-KO pregnant mother mice and
C-section, we examined if the maternal hormonal changes are
responsible for the initiation of barrel formation. FP-KO female
mice were mated with wild-type male mice so that all of the
pups were heterozygous and were unable to be born spontane-
ously. We then performed C-section at 19.75 dpc, which corre-
sponds to full term in FP-heterozygous female mice (Figure 3G).
Interestingly, we found that whisker-related patterns were
formed normally in pups born from FP-KO mothers (Figure 3H,
upper panels). Furthermore, when pups were delivered from
FP-KO mothers at preterm (i.e., 18.75 dpc), the formation of
whisker-related patterns was significantly accelerated (Figures
3H and 3I). These results suggest that the maternal hormonal
changes are dispensable for the initiation of barrel formation,
and that the release of pups from their mothers is crucial for the




< 0.05. Scale bars are 500 mm in (B), (F), and (I). See also Figure S1.
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Figure 2. The Effects of Preterm Birth on Whisker-Related Pattern Formation of TCAs in S1, Barreloid Formation in the Thalamus, and the
Critical Period for Barrel Structural Plasticity
(A) TCA patches (arrowheads) in coronal sections of S1 revealed with VGLUT2 immunostaining.
(B) Quantification of TCA patches in (A) using BFI-VGLUT2 (***p < 0.001, ****p < 0.0001, Student’s t test, mean ± SD).
(C) Barreloid formation in the thalamus revealed with CO staining. Coronal sections are shown.
(D) Quantification of barreloid formation in (C) (p > 0.2, Student’s t test, mean ± SD).
(E–G) The effect of preterm birth on the termination of the critical period for barrel structural plasticity. (E) The experimental procedure. The row Cwhisker follicles
were electrocauterized at one of the indicated time points (arrows). (F) The critical period was over by 23.5 dpc in both full-term and preterm pups. Arrows and
arrowheads indicate shrinkage and expansion of barrels, respectively. (G) Quantification of barrel structural plasticity using the D/C ratio (p > 0.08, Welch’s t test,
mean ± SD).
The numbers of animals are indicated in parentheses. Scale bars are 250 mm in (A) and (C) and 500 mm in (F). See also Figure S2.
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Figure 3. The Initiation of Barrel Formation
Is Triggered by the Release of Pups from
Their Mothers
(A) Experimental procedure for sensory depriva-
tion by whisker plucking.
(B) Whisker-related pattern formation was not
delayed with sensory deprivation.
(C) Quantification of whisker-related patterns in
(B) using BFI-CO (p > 0.23, Student’s t test,
mean ± SD).
(D) Experimental procedure for Caesarean section
(C-section).
(E) Whisker-related pattern formation was not
delayed in pups born by C-section.
(F) Quantification of whisker-related patterns in
(E) using BFI-CO (p > 0.31, Student’s t test,
mean ± SD).
(G) Experimental procedure for combining
C-section and FP-KO pregnant mothers.
(H) Preterm pups delivered from FP-KO pregnant
mothers by C-section showed the acceleration of
barrel formation (arrows).
(I) Quantification of whisker-related patterns in (H)
using BFI-CO (*p < 0.05, Mann-Whitney U test,
mean ± SD).
The numbers of animals are indicated in paren-
theses. Scale bars are 500 mm.
Developmental Cell
Birth Initiates Sensory Map FormationThe Concentration of 5-HT Changes during
Development
Our next goal was to identify downstream signaling pathways
mediating the effect of birth. Earlier studies have revealedmolec-
ularmechanisms responsible for spatial pattern formation of bar-
rels, and we reasoned that one of these mechanisms might be
rate-limiting with regard to the timing of barrel formation andDevelopmental Cell 27, 32–46might regulate the initiation of barrel for-
mation downstream of birth. We focused
on the role of 5-HT signaling in the
initiation of barrel formation. Although
previous pioneering studies have demon-
strated that excessive extracellular 5-HT
leads to failure in barrel formation in
MAOA- or 5-HTT-knockout mice (Cases
et al., 1996; Salichon et al., 2001), the
physiological role of 5-HT signaling in
barrel formation in normal development
still remained unknown. It seemed
possible that the concentration of extra-
cellular 5-HT is continuously low during
barrel formation, and that the low con-
centration of extracellular 5-HT just plays
a permissive role in barrel formation.
Conversely, it also seemed possible that
5-HT concentration changes dynamically
during development and that this change
has an active role in barrel formation. We
hypothesized that the physiological role
of 5-HT in barrel formation is the regula-
tion of the initiation of barrel formation
downstream of birth.To test this hypothesis, we first measured extracellular 5-HT
concentration during normal development.We focused on extra-
cellular 5-HT rather than total 5-HT (i.e., extracellular 5-HT plus
intracellular 5-HT) because previous studies have shown that
extracellular 5-HT rather than total 5-HT is directly related to
the phenotypes of MAOA-knockout mice (Rebsam et al., 2002;
Salichon et al., 2001). We measured 5-HT concentration in, October 14, 2013 ª2013 Elsevier Inc. 37
Figure 4. 5-HT Levels in Preterm Pups and Full-Term Pups
(A and B) Reverse phase HPLC analyses of CSF taken at 19.75 dpc ( = P1.0)
(A) and 23.75 dpc ( = P5.0) (B). Representative HPLC charts are shown.
(C) 5-HT concentration in CSF at 19.75 dpc and 23.75 dpc (Student’s t test,
mean ± SD).
(D) 5-HT concentration in the cerebral cortex at 19.75 dpc and 23.75 dpc
(Student’s t test, mean ± SD).
(E) 5-HIAA concentration in CSF (p = 0.054, Student’s t test, mean ± SD).
Developmental Cell
Birth Initiates Sensory Map Formation
38 Developmental Cell 27, 32–46, October 14, 2013 ª2013 Elsevier Icerebrospinal fluid (CSF) of pups because the CSF concentra-
tions of 5-HT and its main metabolite, 5-hydroxyindole acetic
acid (5-HIAA), essentially reflect those of extracellular 5-HT
and extracellular 5-HIAA, respectively (Hutson et al., 1985;
Mignot et al., 1985; Tohgi et al., 1995).
Interestingly, we found that 5-HT concentration in CSF mark-
edly decreased between 19.75 dpc ( = P1.0) and 23.75 dpc
( = P5.0) (163.4 ± 18.3 pmol/ml at 19.75 dpc; 82.0 ± 11.8 pmol/
ml at 23.75 dpc, p < 0.05; unpaired Student’s t test) (Figures
4A–4C). This was intriguing because this result seemed to be
in contrast with previous immunohistochemical and biochemical
studies showing that total 5-HT levels in the cortical tissues
increased during this period (Fujimiya et al., 1986; Hohmann
et al., 1988). Consistent with these previous studies, when we
measured the total amount of 5-HT (i.e., extracellular 5-HT plus
intracellular 5-HT) in cortical tissues, 5-HT increased between
19.75 dpc and 23.75 dpc (Figure 4D). These results suggest
that the concentration of extracellular 5-HT is under strict and
specific regulation soon after birth.
We then examined whether the reduction of 5-HT is triggered
by birth. As expected, we found that the reduction of 5-HT in CSF
occurred significantly earlier in preterm pups than in full-term
pups (full-term pups 175.3 ± 41.4 pmol/ml, preterm pups
88.6 ± 23.2 pmol/ml, p < 0.05; unpaired Student’s t test) (Fig-
ure 4G). These results clearly indicate that the birth of pups
actively regulates the reduction of 5-HT during development.
The reduction of extracellular 5-HT soon after birth could be
mediated by four possible mechanisms: reduced 5-HT synthe-
sis, reduced 5-HT release, enhanced 5-HT reuptake, and
enhanced 5-HT degradation. We believe that reduced 5-HT syn-
thesis is unlikely to be responsible for the reduction of extracel-
lular 5-HT because both our results and previous studies showed
the total amount of 5-HT in the cerebral cortex increased
between 19.75 dpc and 23.75 dpc (Figure 4D) (Fujimiya et al.,
1986; Hohmann et al., 1988). It also seems unlikely that 5-HT
degradation is responsible for the 5-HT reduction because of
the following reasons. First, we found that 5-HIAA in CSF tended
to decrease between 19.75 dpc and 23.75 dpc (Figure 4E). Sec-
ond, the ratios of 5-HIAA to 5-HT in CSF were comparable
between 19.75 dpc and 23.75 dpc (Figure 4F), suggesting that
degradation rates of 5-HT do not change. Third, there were no
apparent changes in the mRNA levels ofMAOA, which catalyzes
the degradation of 5-HT, in the cerebral cortex during this period
(Figure 4H). Therefore, our findings suggest that the reduction of
5-HT in CSF soon after birth is mediated by the reduction of 5-HT
release and/or enhanced 5-HT reuptake.
Interestingly, we found that the expression levels of 5-HTT
significantly increased after birth in the VB, the dorsal and
median raphe nuclei (Figure S3). Because the raphe nuclei
send their axons throughout the brain, it seems plausible that(F) The ratios of 5-HIAA concentration to 5-HT concentration in CSF (p = 0.65,
Student’s t test, mean ± SD).
(G) The developmental changes of 5-HT levels in CSF of full-term and preterm
pups (Student’s t test, mean ± SD).
(H) In situ hybridization for MAOA in S1. Scale bar is 200 mm.
Note that the numbers in parentheses indicate those of CSF pools. Each CSF




Birth Initiates Sensory Map Formationincreased 5-HTT in the axons from the raphe nuclei enhances
5-HT reuptake throughout the brain, resulting in the reduction
of 5-HT in CSF after birth. Consistent with this idea, the 5-HTT
inhibitor paroxetine inhibited precocious barrel formation in pre-
term pups as shown below (Figures 5A–5E).
The Reduction of 5-HT Mediates the Effect of Birth on
the Initiation of Barrel Formation
To test the possibility that the reduction of 5-HT by birth has an
active role in the initiation of barrel formation during normal
development, we transiently treated preterm pups with paroxe-
tine (Figure 5A). CO staining and VGLUT2 immunostaining
showed that the acceleration of barrel formation induced by pre-
term birth was reversed by paroxetine (Figures 5B–5E). Consis-
tent results were obtained by transient treatment with the MAOA
inhibitor clorgyline (Figures S4A–S4F). Transient clorgyline treat-
ment indeed increased 5-HT levels in CSF, which gradually
decreased soon after clorgyline treatment was stopped (Fig-
ure S4B). These results indicate that the acceleration of barrel
formation induced by preterm birth requires 5-HT reduction.
Interestingly, after clorgyline treatment was stopped, 5-HT levels
tended to decrease but did not come back to control levels at
23.75 dpc when barrel patterns were observed (Figures S4B
and S4C). These results may indicate that the relative reduction
of 5-HT concentrations rather than absolute 5-HT concentra-
tions is crucial for the initiation of barrel formation. In addition
to transient clorgyline treatment, we treated newborn pups
with clorgyline for a longer period (Figure S4G). Barrel formation
was totally suppressed even at 24.75 dpc (Figure S4H), suggest-
ing that 5-HT reduction is indeed necessary for initiating barrel
formation. These results are in line with a previous report
showing that disrupted barrel formation in MAOA-KO mice can
be rescued even at later ages by the 5-HT synthesis inhibitor par-
achlorophenylalanine (PCPA) (Rebsam et al., 2005).
We next examined whether the reduction of 5-HT is sufficient
to accelerate barrel formation. We confirmed that PCPA treat-
ment markedly reduced 5-HT levels in CSF and S1 (Figures
5F–5H) but did not have an apparent effect on dopamine levels
(Figures S4I and S4J), suggesting that PCPA treatment selec-
tively and strongly inhibits 5-HT synthesis in mouse pups. Inter-
estingly, we found that the formation of whisker-related patterns
was accelerated by PCPA (Figure 5I) and that the BFI-CO values
were significantly larger in PCPA-treated pups than that of con-
trol pups at 22.75 dpc (PCPA 0.10 ± 0.039, saline 0.015 ± 0.021;
p < 0.001; unpaired Student’s t test) (Figure 5J). The BAI-CO
values were also significantly larger in PCPA-treated pups than
in control pups at 22.75 dpc at multiple threshold values
(threshold 10%, PCPA 0.55 ± 0.13, control 0.29 ± 0.17, p <
0.01; 20%, PCPA 0.32 ± 0.16, control 0.11 ± 0.092, p < 0.05;
30%, PCPA 0.25 ± 0.16, control 0.073 ± 0.064, p < 0.05; un-
paired Student’s t test) (Figure 5K). In addition, cytoarchitectonic
barrels were also formed precociously in PCPA-treated pups
(Figure 5M), and the BFI-NeuN values were significantly larger
in PCPA-treated pups than in control pups at 23.75 dpc
(C row, PCPA 0.066 ± 0.030, control 0.017 ± 0.011, p < 0.01;
D row, PCPA 0.062 ± 0.012, control 0.021 ± 0.022, p < 0.05; un-
paired Student’s t test) (Figure 5N). Therefore, our results consis-
tently and clearly indicate that the earlier reduction of 5-HT is
sufficient for accelerating barrel formation.DeveWe also calculated the slopes of regression lines using the
BFI-CO values (PCPA 21.75–22.75 dpc, slope = 0.073, R2 =
0.45; control 22.75–23.75 dpc, slope = 0.11, R2 = 0.51) (Figures
5J and 5L). Two-way ANOVA showed that the treatment-by-age
interaction was not significant (F0 = 0.86, F(1, 23; 0.05) = 4.23, F0 <
F(1, 23; 0.05); p > 0.3) (Figure 5L), suggesting that the reduction of
5-HT regulates the initiation of barrel formation but not the speed
of barrel formation. This is consistent with the idea that the
reduction of 5-HT mediates the effect of birth.
We next examined whether the reduction of 5-HT exerts its ef-
fect at the level of TCAs because birth exerts its effect at this level
(Figure 2). As we expected, the reduction of 5-HT by PCPA treat-
ment accelerated the formation of TCA patches but did not affect
barreloid formation (Figures 6A–6D). Whereas the BFI-VGLUT2
values were larger in PCPA-treated pups than in control litter-
mates (22.75 dpc, PCPA 0.14 ± 0.06, control 0.09 ± 0.03, p <
0.01; 23.75 dpc, PCPA 0.20 ± 0.05, control 0.12 ± 0.02, p <
0.05; unpaired Student’s t test) (Figure 6B), the BdFI-CO values
did not show significant difference (20.75 dpc, PCPA 0.11 ± 0.10,
saline 0.09 ± 0.07, p > 0.5; 21.75 dpc, PCPA 0.22 ± 0.02, saline
0.19 ± 0.06, p > 0.5; unpaired Student’s t test) (Figure 6D). These
results indicate that birth regulates the initiation of barrel forma-
tion at the level of TCAs by reducing 5-HT.
Having manipulated 5-HT levels using systemic pharmacolog-
ical treatment, we next examinedwhether 5-HTworked locally to
regulate barrel formation in S1 using Elvax, which is a polymer
commonly used for applying drugs locally in vivo (Kakizawa
et al., 2000). When we placed a small piece of paroxetine-con-
taining Elvax onto S1 of one side of the brain at 20.75 dpc,
5-HT immunoreactivity was strongly suppressed in S1 of the
treated side at 23.75 dpc (Figure 6E, paroxetine, Elvax side)
but not in S1 of the other side of the brain where Elvax was not
applied (Figure 6E, paroxetine, contralateral side), suggesting
that paroxetine applied using Elvax indeed worked locally. Elvax
without paroxetine did not have any apparent adverse effects on
5-HT immunoreactivity (Figure 6E, control). We found that the
formation of TCA patches was strongly inhibited in S1 treated
with Elvax containing paroxetine (Figure 6F, arrowhead). TCA
patches on the contralateral side of the brain and those treated
with Elvax without paroxetine were not affected (Figure 6F).
The BFI-VGLUT2 value was significantly smaller in S1 treated
with Elvax containing paroxetine than in S1 treated with Elvax
without paroxetine (Figure 6G). Note that the effect of Elvax con-
taining paroxetine was almost comparable with that of systemic
paroxetine treatment (Figure 6G). These results support the idea
that the concentration of 5-HT in S1 is crucial for barrel
formation.
The Reduction of 5-HT Selectively Regulates the
Initiation of Barrel Formation
We next examined whether the reduction of catecholamines
also shows similar effects. Although the tyrosine hydroxylase
inhibitor a-methylparatyrosine (AMPT) suppressed dopamine
immunoreactivity (Figure S5A), AMPT did not lead to precocious
barrel formation (Figures 6H and 6I). These results suggest
that the reduction of catecholamines is irrelevant to the initia-
tion of barrel formation. Thus, our results indicate that the
initiation of barrel formation is selectively regulated by the
reduction of 5-HT.lopmental Cell 27, 32–46, October 14, 2013 ª2013 Elsevier Inc. 39
Figure 5. The Reduction of 5-HT Is Necessary and Sufficient for the Effect of Birth on the Initiation of Barrel Formation
(A) The experimental procedure for paroxetine treatment in preterm pups.
(B) Paroxetine inhibited preterm birth-induced precocious whisker-related pattern formation.
(C) Quantification of whisker-related patterns in (B) using BFI-CO (Welch’s t test, mean ± SD).
(D) The accelerated formation of TCA patches (arrowheads) was inhibited by paroxetine treatment in preterm pups.
(E) Quantification of the formation of TCA patches in (D) using BFI-VGLUT2 (Student’s t test, mean ± SD).
(F) The experimental procedure for PCPA treatment. PCPA was injected at 19.5 and 20.5 dpc.
(G) PCPA reduced 5-HT levels in CSF at 21.75 dpc (Student’s t test, mean ± SD).
(H) PCPA reduced 5-HT immunoreactivity in S1 at 21.75 dpc.
(I) Whisker-related patterns in S1 appeared markedly earlier in PCPA-treated pups than in control pups (arrows).
(J) The effects of PCPA on the BFI-CO values of (I) (Student’s t test, mean ± SD).
(legend continued on next page)
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and S1G), our results indicate that PCPA did not affect develop-
ment of neonatal pups in general. We did not find significant
differences in body weight (Figure S5B), thickness of S1 (Fig-
ure S5C), and the laminar structures of S1 (Figures S5D and
S5E) between PCPA-treated and control pups.
In addition, we addressed whether PCPA treatment has an
additive effect to preterm birth. We examined barrel formation
in preterm pups with or without PCPA treatment (Figures 6J–
6L). There were no apparent differences between these two
groups (Figures 6K and 6L) (p = 0.37, one-way ANOVA). These
results suggest that PCPA treatment does not have an additive
impact to preterm birth.
Taken together, these results indicate that the reduction of
5-HT is essential and sufficient for the initiation of whisker-
related pattern formation of barrels downstream of birth (Figures
7M and 7N).
The Roles of Birth and 5-HT Reduction in the Visual
System
Our finding that 5-HT decreases in CSF raised the possibility that
the reduction of 5-HT affects developmental processes in a
variety of brain regions. We focused on eye-specific segregation
of retinogeniculate projections in the visual system because of
the interesting similarities to thalamocortical projections in the
somatosensory system (Cases et al., 1996; Lebrand et al.,
1996, 1998; Persico et al., 2001; Rebsam et al., 2002; Salichon
et al., 2001; Upton et al., 1999). Importantly, as in the case of
barrel formation, the physiological role of 5-HT in eye-specific
segregation in normal mice remained unknown (Cases et al.,
1996; Persico et al., 2001; Salichon et al., 2001; Upton et al.,
1999).
We therefore examined whether eye-specific segregation is
also regulated by birth and the reduction of 5-HT during develop-
ment.We treated newborn pupswith PCPA from 20.5 dpc (P1) to
22.5 dpc (P3), and eye-specific segregation, which was revealed
with Alexa-conjugated cholera toxin B subunits, was examined
at 26.75 dpc (P7.0). Intriguingly, we found that eye-specific
segregation was markedly accelerated in PCPA-treated pups
(Figures 7A and 7B). In control pups, retinal ganglion cell (RGC)
axons derived from the ipsilateral and contralateral eyes still
overlapped in the dorsomedial region of the dLGN (Figures 7A
and 7B, upper panels, white). Interestingly, the size of the over-
lapping region was greatly reduced in PCPA-treated pups (Fig-
ures 7A and 7B, lower panels, white).
To quantify these results, we used multithreshold quantitative
analyses of the degree of binocular overlap in the entire dLGN
(Figure 7C) and in the ipsilateral projections (Figure 7D) (Muir-
Robinson et al., 2002; Torborg and Feller, 2004). Strikingly, we
found the areas containing both ipsilateral and contralateral
RGC axons in the dLGN (Figure 7A, white) normalized with the
areas of dLGN were significantly smaller in PCPA-treated pups
than in control pups at various threshold values (Figure 7C).(K) The effect of PCPA on the BAI-CO values of (I) at 22.75 dpc (Student’s t test,
(L) The slopes of regression lines using the BFI-CO values in (J).
(M) The effect of PCPA on cytoarchitectonic barrels revealed by NeuN immunos
(N) The effect of PCPA on the BFI-NeuN values of (M) at 23.75 dpc (Student’s t t
*p < 0.05, **p < 0.01, ***p < 0.001. Scale bars are 125 mm in (H), 250 mm in (D) an
DeveConsistent results were also obtained when these values were
normalized with the areas with ipsilateral projections (Figure 7D).
We also quantified the cumulative fraction of pixels segregated
in ipsilateral projections and obtained consistent results (Fig-
ure S6A; p < 2.2e16, two-sample KS test). These results clearly
indicate that eye-specific segregation of RGC axons is acceler-
ated by the reduction of 5-HT. We also compared eye-specific
segregation in preterm pups and full-term pups at 26.75 dpc.
We found that eye-specific segregation was indeed accelerated
in preterm pups (Figures 7E–7H and S6B). Thus, our results indi-
cate that both sensory map formation in S1 and eye-specific
segregation in the dLGN are regulated by birth and the reduction
of 5-HT.
The Subtype of the 5-HT Receptors Mediating the
Effects of 5-HT Reduction after Birth
Finally, we examinedwhich subtype of 5-HT receptors is respon-
sible for the effects of 5-HT reduction. Although previous studies
have shown that the effects of excessive extracellular 5-HT on
barrel formation and eye-specific segregation are mediated by
5-HT1B receptors (Rebsam et al., 2002; Salichon et al., 2001),
the physiological roles of 5-HT1B receptors in sensory map for-
mation during normal development were unclear. As we ex-
pected, we found that eye-specific segregation was indeed
accelerated in 5-HT1B receptor-knockout (5-HT1B-KO) mice
(Figures 7I–7L and S6C). Thus, our findings indicate that the
5-HT1B receptor plays a pivotal role in the effect of 5-HT reduc-
tion on eye-specific segregation during normal development.
We then examined whether the 5-HT1B receptor is also
responsible for the formation of whisker-related patterns in S1.
Unexpectedly, however, we found that the formation of
whisker-related patterns was not significantly accelerated in
5-HT1B-KO mice compared with that in wild-type mice (data
not shown). One possible explanation could be that other mem-
bers of the 5-HT1 receptor subfamily, which are expressed in the
VB soon after birth (Bonnin et al., 2006), are also involved in the
effect of 5-HT reduction on barrel formation during normal devel-
opment. In addition, the rescue of disrupted barrel formation in
MAOA-KO mice by 5-HT1B-KO was less complete than that
by PCPA treatment (Salichon et al., 2001), suggesting the
involvement of other members of the 5-HT receptor family. To
inhibit all of the members of the 5-HT1 receptor subfamily, we
used the broad 5-HT1 receptor antagonistmethiothepin (Pickard
et al., 1996). Interestingly, we found that the formation of
whisker-related patterns was accelerated by methiothepin (Fig-
ures S6D and S6E). These results suggest that 5-HT1 receptors
are crucial for the effect of 5-HT reduction on barrel formation
soon after birth.
DISCUSSION
A cohesive picture emerging from our results is that birth actively
regulates sensory map formation in the somatosensory systemmean ± SD).
taining.
est, mean ± SD).
d (M), and 500 mm in (B) and( I). See also Figure S4.
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Figure 6. The Reduction of 5-HT Selectively Regulates the Initiation of Barrel Formation
(A) The formation of TCA patches was accelerated by PCPA (arrowheads).
(B) Quantification of TCA patches in (A) using BFI-VGLUT2 (Student’s t test, mean ± SD).
(C) Barreloid formation in PCPA-treated and control pups.
(D) Quantification of barreloid formation in (C) using BdFI-CO (p > 0.55, Student’s t test, mean ± SD).
(E–G) The effects of local application of paroxetine using Elvax. (E) The effect of paroxetine-containing Elvax on 5-HT immunoreactivity in S1. Coronal sections are
shown. (F) The formation of TCA patches was strongly inhibited by local application of paroxetine using Elvax (arrowhead). (G) Quantification of TCA patches in (F)
using BFI-VGLUT2 (Student’s t test, mean ± SD).
(H) Reduction of catecholamines did not result in accelerated whisker-related pattern formation.
(I) The effect of AMPT on the BFI-CO values of (H) (p > 0.86, Welch’s t test, mean ± SD).
(legend continued on next page)
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5-HT signaling (Figures 7M and 7N).
Although the birth of pups is one of the most drastic environ-
mental changes in the entire life of mammals, the roles of birth
in brain development are still largely elusive. Our results shed
light on roles of birth. Because the environment of pups before
and after parturition changes drastically, it is plausible that the
nervous system needs to change dynamically during this envi-
ronmental transition. Our results could be interpreted as indi-
cating that birth itself acts as an active trigger to accelerate
neuronal circuit formation. Furthermore, our results that birth
regulates both eye-specific segregation in the visual system
and barrel formation in the somatosensory system may indicate
that birth has general roles in neural circuit formation in other
brain regions. In addition, because our findings support the
idea that the release of pups from their mother is the trigger for
the initiation of barrel formation, it would be intriguing to uncover
molecular mechanisms connecting the release of pups from their
mother and the reduction of 5-HT in CSF.
Our results clearly demonstrated that the concentration of
5-HT decreases during development and that this attenuation
of 5-HT signaling has instructive roles in the initiation of
sensory map formation. Thus, our observations revealed phys-
iological roles of 5-HT in barrel formation and eye-specific
segregation during development. It would be intriguing to
investigate whether 5-HT also plays crucial roles in a variety
of brain regions other than the somatosensory and visual sys-
tems soon after birth. It would also be interesting to examine
how 5-HT receptors regulate the initiation of sensory map for-
mation. Because it has been reported that 5-HT1B receptors
modulate presynaptic release (Chen and Regehr, 2003; Laurent
et al., 2002), presynaptic release could be modulated soon
after birth.
Our results suggested that 5-HT decrease soon after birth is
likely to be mediated by reduced 5-HT release and/or enhanced
5-HT reuptake. Furthermore, we showed that the expression
levels of 5-HTT increased in the VB and the raphe nuclei soon
after birth, supporting the notion that reuptake of 5-HT by
5-HTT is responsible, at least partially, for the reduction of
5-HT soon after birth. It would be intriguing to examine themech-
anisms leading to increased 5-HTT expression soon after birth.
It would also be intriguing to examine whether the regulatory
mechanisms described here are conserved in other mammalian
species. Interestingly, eye-specific segregation occurs soon
after birth in the mouse, the ferret, and the hamster, whereas it
occurs prenatally in the cat (Iwai and Kawasaki, 2009; So
et al., 1990). The role of birth in sensory map formation could
depend on animal species. On the other hand, it seems plausible
that the roles of 5-HT are conserved in a variety of species. In
fact, we found 5-HT immunoreactivity in the optic tract of ferret
babies (data not shown), raising the possibility that RGC axons
reuptake 5-HT during eye-specific segregation in ferrets as in
the case of mice (Salichon et al., 2001; Upton et al., 1999).(J–L) The effect of 5-HT downregulation on accelerated whisker-related pattern fo
did not lead to an apparent additive impact on the timing of barrel formation in pre
22.75 dpc (Student’s t test, mean ± SD).
The numbers of animals are indicated in parentheses. *p < 0.05, **p < 0.01, ***p <
See also Figure S5.
DeveAlthough we tried to address the roles of 5-HT in neonatal ferrets
using clorgyline and paroxetine, both clorgyline-treated and par-
oxetine-treated ferret babies died within a few days after we
started the treatment, and therefore we were unable to address
the roles of 5-HT in ferret, unfortunately. In contrast to mice, it is
known that ferrets frequently exhibit nausea and vomiting, and
5-HT can induce vomiting in ferrets. This could be the reason
why clorgyline-treated and paroxetine-treated ferret babies
died within a few days.
Previous studies indicated that 5-HT facilitates experience-
dependent plasticity in the visual cortex of adult mice and in
the somatosensory cortex of juvenile rats. 5-HT could play
distinct roles depending on the age of animals and brain regions.
Indeed, a previous report showed that 5-HT modulates the
response of thalamocortical axons to netrin-1 in the mouse
embryo (Bonnin et al., 2007). It would be intriguing to further




All procedures were performed in accordance with a protocol approved by the
University of Tokyo Animal Care Committee and Kanazawa University Animal
Care Committee. ICR mice, C57BL/6J mice (SLC, Japan), FP-KO mice (Sugi-
moto et al., 1997), and 5-HT1B-KO mice (Saudou et al., 1994) were reared
under the normal 12 hr light/dark cycle. ICR mice were used unless otherwise
mentioned. The day of insemination was designated as 0 dpc. Gestation days
were counted in 6 hr increments (ex. in this paper, 18.75 dpc indicates the
period between 15:00 and 21:00 at 18 dpc). To ensure data reflected the
precise time of delivery, pregnant mice were monitored using digital video
recorders for all postnatal pups. Detailed procedures are described in the
Supplemental Experimental Procedures. Experiments were repeated at least
three times in different animals and gave consistent results.
Quantification
Quantification of 5-HT and 5-HIAA was performed as described previously
withmodifications (Yoshikawa et al., 2009). Detailed procedures are described
in the Supplemental Experimental Procedures. Quantification procedures of
BFI-CO, BdFI-CO, BAI-CO, BFI-NeuN, BFI-VGLUT2, and signal intensities of
in situ hybridization images are described in the Supplemental Experimental
Procedures. All quantification was conducted in a blind manner.
Immunohistochemistry, CO Staining, and In Situ Hybridization
Immunohistochemistry, CO staining, and in situ hybridization were performed
as described previously with modifications (Kawasaki et al., 2000, 2004; Toda
et al., 2008). Detailed procedures are described in the Supplemental Experi-
mental Procedures.
Visualization of RGC Axons in the dLGN and Quantification of
Eye-Specific Segregation
We used C57BL/6J mice and 5-HT1B-KO mice for examining eye-specific
segregation. We also used F1 hybrid newborn mice derived from ICR mothers
and C57BL/6J fathers. Visualization of RGC axons in the dLGN and quantifica-
tion of eye-specific segregation were performed as described previously (Hay-
akawa and Kawasaki, 2010; Kawasaki et al., 2004; Torborg and Feller, 2004;
Torborg et al., 2005). Detailed procedures are described in the Supplemental
Experimental Procedures. Quantification was conducted in a blind manner.rmation in preterm pups. (J) The experimental procedure. (K) PCPA treatment
term pups. (L) Quantification of whisker-related patterns in (K) using BFI-CO at
0.001. Scale bars are 250 mm in (A), (C), and (F) and 500 mm in (E), (H), and (K).
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Figure 7. Eye-Specific Segregation in the dLGN Is Accelerated by Preterm Birth and 5-HT Synthesis Inhibition
(A–D) The effect of 5-HT synthesis inhibition on eye-specific segregation. (A) Eye-specific segregation was accelerated by PCPA treatment at 26.75 dpc (P7). RGC
axons from the contralateral (green) and ipsilateral (red) eyes in coronal sections of the dLGN are shown. White regions (overlap) correspond to pixels containing
both ipsilateral and contralateral RGC axons. The threshold of signal intensities of contralateral RGC axons was 30. (B) High-magnification images of (A). (C)
Quantification of the fraction of the dLGN containing the overlapping axons (white in A and B) at various thresholds (n = 4; Student’s t test, mean ± SD).
(D) Quantification of the fractions of the ipsilateral patches (red in A and B) containing the overlapping axons (white in A and B) at various thresholds (n = 4;
Student’s t test, mean ± SD).
(E–H) The effect of preterm birth on eye-specific segregation. (E) Eye-specific segregation in preterm and full-term pups was examined at 26.75 dpc. The
threshold of signal intensities of contralateral RGC axonswas 30. (F) High-magnification images of (E). (G) Quantification of the fraction of the dLGN containing the
overlapping axons (n = 4; Student’s t test, mean ± SD). (H) Quantification of the fraction of the ipsilateral patch containing the overlapping axons (n = 4; Student’s
t test, mean ± SD).
(I–L) Eye-specific segregation in 5-HT1B-KO mice. (I) RGC axons in the dLGN were examined at 26.75 dpc using 5-HT1B-KO and wild-type (WT) pups. The
threshold of signal intensities of contralateral RGC axons was 20. (J) High-magnification images of (I). (K) Quantification of the fraction of the dLGN containing the
overlapping axons (n = 4; Mann-Whitney U test, mean ± SD). (L) Quantification of the fraction of the ipsilateral patch containing the overlapping axons (n = 4;
Mann-Whitney U test, mean ± SD).
(legend continued on next page)
Developmental Cell
Birth Initiates Sensory Map Formation
44 Developmental Cell 27, 32–46, October 14, 2013 ª2013 Elsevier Inc.
Developmental Cell
Birth Initiates Sensory Map FormationStatistical Analyses
Statistical analyses were performed using Statcel2 software (OMS Publishing)
and R software. We first performed the Kolmogorov-Smirnov test. P values
were determined by an unpaired Student’s t test, a Welch’s t test, a one-sam-
ple t test, aMann-Whitney U test, one-way ANOVA, two-way ANOVA, or a two-
sample KS test. The slopes of regression lines were calculated usingMicrosoft
Excel. Unless otherwise mentioned, n stands for the number of animals.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and six figures and can be found with this article online at http://dx.doi.org/
10.1016/j.devcel.2013.09.002.
ACKNOWLEDGMENTS
We are grateful to Drs. S. Tsuji, T. Kadowaki, H. Bito, T. Shimizu, K. Miyazono,
E. Nishida, Y. Sasai, and S. Nakanishi for their support; Drs. C. Mason,
A. Rebsam, T. Iwasato, and Y. Sasai for their comments on this manuscript;
K. Tanno for her assistance; and Z. Blalock for discussions. We also thank
Drs. M. Narushima and M. Miyata for technical advice on Elvax, Dr. R. Hen
for 5-HT1B-KO mice, and Dr. M. Mishina for plasmids. This work was sup-
ported by the 21st Century COE, the Global COE, Grant-in-Aid for Scientific
Research fromMEXT, PRESTO from JST, HFSP, Takeda Science Foundation,
Takeda Medical Research Foundation, Astellas Foundation for Research on
Metabolic Disorders, the Kurata Memorial Hitachi Science and Technology
Foundation, Mitsubishi Foundation, Yamada Science Foundation, Research
Foundation for Opto-Science and Technology, and Santen Pharmaceutical.
T.T. is a Research Fellow for Young Scientists from JSPS. D.H. and H.T.
contributed equally to this work.
Received: September 2, 2012
Revised: May 16, 2013
Accepted: September 4, 2013
Published: October 14, 2013
REFERENCES
Bonnin, A., Peng,W., Hewlett, W., and Levitt, P. (2006). Expressionmapping of
5-HT1 serotonin receptor subtypes during fetal and early postnatal mouse
forebrain development. Neuroscience 141, 781–794.
Bonnin, A., Torii, M., Wang, L., Rakic, P., and Levitt, P. (2007). Serotonin mod-
ulates the response of embryonic thalamocortical axons to netrin-1. Nat.
Neurosci. 10, 588–597.
Cases, O., Vitalis, T., Seif, I., De Maeyer, E., Sotelo, C., and Gaspar, P. (1996).
Lack of barrels in the somatosensory cortex ofmonoamine oxidase A-deficient
mice: role of a serotonin excess during the critical period. Neuron 16, 297–307.
Chen, C., and Regehr, W.G. (2003). Presynaptic modulation of the retinogeni-
culate synapse. J. Neurosci. 23, 3130–3135.
Datwani, A., Iwasato, T., Itohara, S., and Erzurumlu, R.S. (2002). Lesion-
induced thalamocortical axonal plasticity in the S1 cortex is independent of
NMDA receptor function in excitatory cortical neurons. J. Neurosci. 22,
9171–9175.
Dudley, D.J., Branch, D.W., Edwin, S.S., andMitchell, M.D. (1996). Induction of
preterm birth in mice by RU486. Biol. Reprod. 55, 992–995.
Erzurumlu, R.S., and Kind, P.C. (2001). Neural activity: sculptor of ‘barrels’ in
the neocortex. Trends Neurosci. 24, 589–595.(M) A model of the mechanisms underlying the initiation of barrel formation and
signaling, which results in the initiation of barrel formation in S1 (brown) and eye-sp
derived from the ipsilateral and contralateral eyes, respectively. Yellow represen
(N) A model of the mechanisms underlying the acceleration of barrel formation in
(blue line) than in full-term pups (black line). As a result, barrels are formed earlier in
horizontal axes represent 5-HT signal strength and developmental time points, r
*p < 0.05, **p < 0.01. Scale bars are 250 mm in (A), (E), and (I) and 100 mm in (B),
DeveErzurumlu, R.S., and Gaspar, P. (2012). Development and critical period plas-
ticity of the barrel cortex. Eur. J. Neurosci. 35, 1540–1553.
Fox, K. (2008). Development of barrel cortex + experience-dependent plas-
ticity. In Barrel Cortex, K. Fox, ed. (Cambridge: Cambridge University Press),
pp. 79–216.
Fujimiya, M., Kimura, H., and Maeda, T. (1986). Postnatal development of
serotonin nerve fibers in the somatosensory cortex of mice studied by immu-
nohistochemistry. J. Comp. Neurol. 246, 191–201.
Hannan, A.J., Blakemore, C., Katsnelson, A., Vitalis, T., Huber, K.M., Bear, M.,
Roder, J., Kim, D., Shin, H.S., and Kind, P.C. (2001). PLC-beta1, activated via
mGluRs, mediates activity-dependent differentiation in cerebral cortex. Nat.
Neurosci. 4, 282–288.
Hayakawa, I., and Kawasaki, H. (2010). Rearrangement of retinogeniculate
projection patterns after eye-specific segregation in mice. PLoS ONE 5,
e11001.
Hoerder-Suabedissen, A., Paulsen, O., and Molna´r, Z. (2008). Thalamocortical
maturation in mice is influenced by body weight. J. Comp. Neurol. 511,
415–420.
Hohmann, C.F., Hamon, R., Batshaw, M.L., and Coyle, J.T. (1988). Transient
postnatal elevation of serotonin levels in mouse neocortex. Brain Res. 471,
163–166.
Hutson, P.H., Sarna, G.S., Kantamaneni, B.D., and Curzon, G. (1985).
Monitoring the effect of a tryptophan load on brain indole metabolism in freely
moving rats by simultaneous cerebrospinal fluid sampling and brain dialysis.
J. Neurochem. 44, 1266–1273.
Iwai, L., and Kawasaki, H. (2009). Molecular development of the lateral genic-
ulate nucleus in the absence of retinal waves during the time of retinal axon
eye-specific segregation. Neuroscience 159, 1326–1337.
Iwasato, T., Erzurumlu, R.S., Huerta, P.T., Chen, D.F., Sasaoka, T., Ulupinar,
E., and Tonegawa, S. (1997). NMDA receptor-dependent refinement of soma-
totopic maps. Neuron 19, 1201–1210.
Iwasato, T., Datwani, A., Wolf, A.M., Nishiyama, H., Taguchi, Y., Tonegawa, S.,
Kno¨pfel, T., Erzurumlu, R.S., and Itohara, S. (2000). Cortex-restricted disrup-
tion of NMDAR1 impairs neuronal patterns in the barrel cortex. Nature 406,
726–731.
Kakizawa, S., Yamasaki, M., Watanabe, M., and Kano, M. (2000). Critical
period for activity-dependent synapse elimination in developing cerebellum.
J. Neurosci. 20, 4954–4961.
Kawasaki, H., Mizuseki, K., Nishikawa, S., Kaneko, S., Kuwana, Y., Nakanishi,
S., Nishikawa, S.I., and Sasai, Y. (2000). Induction of midbrain dopaminergic
neurons from ES cells by stromal cell-derived inducing activity. Neuron 28,
31–40.
Kawasaki, H., Crowley, J.C., Livesey, F.J., and Katz, L.C. (2004). Molecular
organization of the ferret visual thalamus. J. Neurosci. 24, 9962–9970.
Laurent, A., Goaillard, J.M., Cases, O., Lebrand, C., Gaspar, P., and Ropert, N.
(2002). Activity-dependent presynaptic effect of serotonin 1B receptors on the
somatosensory thalamocortical transmission in neonatal mice. J. Neurosci.
22, 886–900.
Lebrand, C., Cases, O., Adelbrecht, C., Doye, A., Alvarez, C., El Mestikawy, S.,
Seif, I., and Gaspar, P. (1996). Transient uptake and storage of serotonin in
developing thalamic neurons. Neuron 17, 823–835.
Lebrand, C., Cases, O., Wehrle´, R., Blakely, R.D., Edwards, R.H., and Gaspar,
P. (1998). Transient developmental expression of monoamine transporters in
the rodent forebrain. J. Comp. Neurol. 401, 506–524.eye-specific segregation. The birth of pups leads to the attenuation of 5-HT
ecific segregation of RGCaxons in dLGN. Red and green represent RGC axons
ts regions containing both ipsilateral and contralateral RGC axons.
preterm pups. The attenuation of 5-HT signaling occurs earlier in preterm pups
preterm pups (blue arrow) than in full-term pups (black arrow). The vertical and
espectively.
(F), and (J). See also Figure S6.
lopmental Cell 27, 32–46, October 14, 2013 ª2013 Elsevier Inc. 45
Developmental Cell
Birth Initiates Sensory Map FormationLo´pez-Bendito, G., and Molna´r, Z. (2003). Thalamocortical development: how
are we going to get there? Nat. Rev. Neurosci. 4, 276–289.
Mignot, E., Serrano, A., Laude, D., Elghozi, J.L., Dedek, J., and Scatton, B.
(1985).Measurement of 5-HIAA levels in ventricular CSF (by LCEC) and in stria-
tum (by in vivo voltammetry) during pharmacological modifications of seroto-
nin metabolism in the rat. J. Neural Transm. 62, 117–124.
Muir-Robinson, G., Hwang, B.J., and Feller, M.B. (2002). Retinogeniculate
axons undergo eye-specific segregation in the absence of eye-specific layers.
J. Neurosci. 22, 5259–5264.
O’Leary, D.D., Ruff, N.L., and Dyck, R.H. (1994). Development, critical period
plasticity, and adult reorganizations of mammalian somatosensory systems.
Curr. Opin. Neurobiol. 4, 535–544.
Persico, A.M., Mengual, E., Moessner, R., Hall, F.S., Revay, R.S., Sora, I.,
Arellano, J., DeFelipe, J., Gimenez-Amaya, J.M., Conciatori, M., et al.
(2001). Barrel pattern formation requires serotonin uptake by thalamocortical
afferents, and not vesicular monoamine release. J. Neurosci. 21, 6862–6873.
Pickard, G.E., Weber, E.T., Scott, P.A., Riberdy, A.F., and Rea, M.A. (1996).
5HT1B receptor agonists inhibit light-induced phase shifts of behavioral circa-
dian rhythms and expression of the immediate-early gene c-fos in the supra-
chiasmatic nucleus. J. Neurosci. 16, 8208–8220.
Rebsam, A., and Gaspar, P. (2006). Presynaptic mechanisms controlling axon
terminals remodeling in the thalamocortical and retinogeniculate systems. In
Development and Plasticity in Sensory Thalamus and Cortex, R.S.
Erzurumlu, W. Guido, and Z. Molnar, eds. (New York: Springer), pp. 183–207.
Rebsam, A., Seif, I., and Gaspar, P. (2002). Refinement of thalamocortical
arbors and emergence of barrel domains in the primary somatosensory cortex:
a study of normal and monoamine oxidase a knock-out mice. J. Neurosci. 22,
8541–8552.
Rebsam, A., Seif, I., and Gaspar, P. (2005). Dissociating barrel development
and lesion-induced plasticity in the mouse somatosensory cortex.
J. Neurosci. 25, 706–710.
Rice, F.L., and Van der Loos, H. (1977). Development of the barrels and barrel
field in the somatosensory cortex of the mouse. J. Comp. Neurol. 171,
545–560.
Salichon, N., Gaspar, P., Upton, A.L., Picaud, S., Hanoun, N., Hamon, M., De
Maeyer, E., Murphy, D.L., Mossner, R., Lesch, K.P., et al. (2001). Excessive
activation of serotonin (5-HT) 1B receptors disrupts the formation of sensory
maps in monoamine oxidase a and 5-ht transporter knock-out mice.
J. Neurosci. 21, 884–896.
Saudou, F., Amara, D.A., Dierich, A., LeMeur, M., Ramboz, S., Segu, L., Buhot,
M.C., and Hen, R. (1994). Enhanced aggressive behavior in mice lacking
5-HT1B receptor. Science 265, 1875–1878.
Schlaggar, B.L., Fox, K., and O’Leary, D.D. (1993). Postsynaptic control of
plasticity in developing somatosensory cortex. Nature 364, 623–626.46 Developmental Cell 27, 32–46, October 14, 2013 ª2013 Elsevier ISehara, K., Toda, T., Iwai, L., Wakimoto, M., Tanno, K., Matsubayashi, Y., and
Kawasaki, H. (2010).Whisker-related axonal patterns and plasticity of layer 2/3
neurons in the mouse barrel cortex. J. Neurosci. 30, 3082–3092.
So, K.F., Campbell, G., and Lieberman, A.R. (1990). Development of the
mammalian retinogeniculate pathway: target finding, transient synapses and
binocular segregation. J. Exp. Biol. 153, 85–104.
Sugimoto, Y., Yamasaki, A., Segi, E., Tsuboi, K., Aze, Y., Nishimura, T., Oida,
H., Yoshida, N., Tanaka, T., Katsuyama, M., et al. (1997). Failure of parturition
in mice lacking the prostaglandin F receptor. Science 277, 681–683.
Toda, T., Hayakawa, I., Matsubayashi, Y., Tanaka, K., Ikenaka, K., Lu, Q.R.,
and Kawasaki, H. (2008). Termination of lesion-induced plasticity in the mouse
barrel cortex in the absence of oligodendrocytes. Mol. Cell. Neurosci. 39,
40–49.
Tohgi, H., Abe, T., Nakanishi, M., Takahashi, S., Furuichi, H., Matsumura, T.,
Kurimoto, T., Izumi, J., and Ikeda, Y. (1995). Effects of citalopram, a synthetic
serotonin uptake inhibitor, on indoleamine and catecholamine concentrations
in the cerebrospinal fluid of freely moving rats. J. Neural Transm. Park. Dis.
Dement. Sect. 9, 111–119.
Torborg, C.L., and Feller, M.B. (2004). Unbiased analysis of bulk axonal segre-
gation patterns. J. Neurosci. Methods 135, 17–26.
Torborg, C.L., Hansen, K.A., and Feller, M.B. (2005). High frequency, synchro-
nized bursting drives eye-specific segregation of retinogeniculate projections.
Nat. Neurosci. 8, 72–78.
Upton, A.L., Salichon, N., Lebrand, C., Ravary, A., Blakely, R., Seif, I., and
Gaspar, P. (1999). Excess of serotonin (5-HT) alters the segregation of ispilat-
eral and contralateral retinal projections in monoamine oxidase A knock-out
mice: possible role of 5-HT uptake in retinal ganglion cells during development.
J. Neurosci. 19, 7007–7024.
Van Der Loos, H. (1976). Barreloids in mouse somatosensory thalamus.
Neurosci. Lett. 2, 1–6.
Vongdokmai, R. (1980). Effect of protein malnutrition on development of
mouse cortical barrels. J. Comp. Neurol. 191, 283–294.
Watanabe, M., Inoue, Y., Sakimura, K., andMishina, M. (1992). Developmental
changes in distribution of NMDA receptor channel subunit mRNAs.
Neuroreport 3, 1138–1140.
Woolsey, T.A. (1990). Peripheral alteration and somatosensory development.
In Development of Sensory Systems in Mammals, E.J. Coleman, ed. (New
York: Wiley), pp. 461–516.
Yoshikawa, S., Hareyama, N., Ikeda, K., Kurokawa, T., Nakajima, M., Nakao,
K., Mochizuki, H., and Ichinose, H. (2009). Effects of TRK-820, a selective
kappa opioid receptor agonist, on rat schizophrenia models. Eur. J.
Pharmacol. 606, 102–108.nc.
